The successful management of invasive fungal infections continues to pose a difficult challenge to clinicians. As the population of at-risk immunocompromised patients increases, the incidence of invasive mycosis has risen in parallel (57) . Despite recent advances in antifungal pharmacology, the morbidity and mortality due to invasive fungal infections remain unacceptably high.
Numerous factors determine the outcome of these infections, including the host immune state, pathogen variables including drug susceptibility, location of the infection, timing of diagnosis relative to initiation of antifungal therapy, management of the infection source (e.g., surgery or vascular catheter removal), and effective administration of the appropriate dose of the most potent and safe antifungal drug (Fig. 1) . Few of these variables are under the control of the clinician. The choices of antifungal drug and dosing regimen are among the factors which the clinician can dictate. However, even if the appropriate drug and regimen are initiated, drug exposure at the site of infection may be inadequate due to pharmacokinetic variability and may contribute to treatment failure. Conversely, antifungal exposures may exceed those anticipated and may result in toxicity. Many antifungal drugs exhibit marked variability in drug blood concentrations due to inconsistent absorption, metabolism, elimination, or interaction with concomitant medications. An understanding of the pharmacokinetics and pharmacodynamics of these drugs has been demonstrated to be important to optimize drug choice and dosing regimen design. One tool to detect drug exposures outside of the therapeutic window is monitoring of drug concentration in blood. The utility of this tool to inform drug choice and dosing decisions is being increasingly explored.
Several factors must be considered in determining the role of therapeutic drug monitoring in patient management (32, 86, 88 ). An accurate, rapid, and cost-effective drug assay must be readily available to the clinician. Two pharmacological features then determine the relevance of monitoring of concentrations of drug in blood. The foremost variable is an unpredictable drug dose-exposure relationship. Next, there must be a clear relationship between concentrations of drug in blood and either toxicity or treatment efficacy. Consideration of these pharmacological variables for available antifungal compounds is the focus of this review.
ANTIFUNGAL DRUG MONITORING ASSAY: VALIDATION, COST, AND AVAILABILITY
Validated assays have been developed for each of the commonly used antifungal drugs (Table 1) (61, 69) . These assays most often include either a microbiological or chromatographic (high-performance liquid chromatography [HPLC] or liquid chromatography-mass spectrometry [LC-MS]) assay. The most commonly utilized method is HPLC or LC-MS due to the enhanced sensitivity and the reduced time necessary to complete the assay. In most cases, both microbiological and chromatographic methods provide similar results. An exception to this rule is for the triazole antifungal itraconazole. Microbiological assay results for itraconazole are two to three times higher than those observed with HPLC (29, 32) . This discrepancy is due to the enhanced microbiological activity of the itraconazole metabolite (hydroxyitraconazole) relative to that of the parent molecule. For all other available antifungals, there are either no microbiologically active metabolites or none of clinical significance. One clinical scenario that can impact the utility of microbiological assays is the use of two or more antifungals in combination. Unless the assay organism is susceptible to only one of the antifungals being used, the assay measurement will reflect the activity from both drugs. While pharmacodynamic investigations have demonstrated the importance of considering free or non-protein-bound concentrations, the assays described above measure both bound and unbound drug. All reference to drug concentrations in this review refers to the total drug concentration unless otherwise specified.
Unfortunately, the pharmacoeconomic impact of antifungal therapeutic drug monitoring has not been formally investigated. However, the cost of these assays is less than the cost of a single day of antifungal therapy with one of the new compounds and certainly less than that of any patient complication associated with inappropriate antifungal drug exposures.
At present, there are a limited number of specialized clinical laboratories in the United States and Europe that perform these assays. Thus, the time between sample collection and a laboratory result may approach 1 week in some circumstances. However, several studies have demonstrated clinical utility with drug and dosing regimen changes in this window of time (38, 63, 82, 83) . One might speculate that favorable outcomes will be more common by reducing the time necessary for measurement reporting. The development of additional and local laboratories may be necessary for the clinical utility of antifungal blood concentration monitoring to achieve its full potential in routine patient care.
SPECIFIC ANTIFUNGAL DRUGS

5-FC.
Flucytosine (5-FC) is a pyrimidine analog that was one of the first antifungal compounds developed. The drug has broad-spectrum activity against Candida species and Cryptococcus neoformans. Clinical use of 5-FC is limited mainly to combination therapy with another antifungal, amphotericin B, for the treatment of cryptococcal meningitis (9, 28) . Use in other situations has been limited due to clinician concerns regarding drug toxicity and resistance development with monotherapy administration (35, 67, 73) .
The compound is available as an intravenous formulation (only in Europe) and as an oral formulation that is reliably and nearly completely absorbed (67, 98) . The timing of monitoring of this antifungal, which has a relatively rapid elimination halflife (3 to 6 h), has been traditionally within 1 to 3 h of administration. The drug dose is weight based (150 mg/kg/day) and administered in four divided doses. However, wide inter-and intrapatient pharmacokinetic variabilities were recognized during initial drug development and recently confirmed in a report of a large clinical experience (67) . The predominant variable accounting for these differences is variation in the renal elimination of 5-FC (21, 22) . Much of this variation is due to nephrotoxicity associated with the concomitant administration of amphotericin B. A recent report of more than 1,000 5-FC serum concentrations for 233 patients with invasive fungal infections demonstrated marked pharmacokinetic variability (67) . In this large cohort, monitoring identified "therapeutic" peak concentrations in only 20% of patients. 5-FC concentrations were considered to be subtherapeutic in 40% and undetectable in 5% of samples. Supratherapeutic concentrations were reported for 39% of the samples assayed, 10% of which fell into a range considered to be toxic (Ͼ100 g/ml).
Pharmacodynamic studies have demonstrated a strong relationship between 5-FC blood concentrations and both toxicity and efficacy. The strongest of these associations has been the toxicodynamic relationship of two adverse effects, bone marrow suppression and hepatic dysfunction. Several studies have shown that 5-FC concentrations greater than 100 g/ml are toxic. The largest study that examined this relationship involved 194 patients with cryptococcal meningitis (83) . The incidence of both bone marrow toxicity and hepatotoxicity was greater than 60% in patients with peak concentrations greater than 100 g/ml (83) . Conversely, these toxicities were observed in only 30% of patients with 5-FC concentrations below 100 g/ml. Several other studies have confirmed this concentration-effect relationship (35, 50) .
The pharmacodynamic investigation of 5-FC relative to treatment efficacy has been limited primarily to preclinical infection models (1, 44) . Results from these models demonstrated a strong relationship among 5-FC concentrations in blood relative to the MIC and treatment efficacy. Maximal organism killing was observed at concentrations just above the MIC, and optimal outcomes were observed when blood concentrations exceeded the MIC for only 50% of the dosing interval (time above the MIC of 50%). A search for similar relationships in clinical trials has not been sought. However, if the MIC distribution for most Candida and cryptococcal isolates and the pharmacokinetics of 5-FC in patients are considered, it is possible that one could administer lower doses to achieve the pharmacodynamic target of a 50% time above the MIC. Triazoles. Four triazole compounds (fluconazole, itraconazole, voriconazole, and posaconazole) have been approved and are currently in wide use for the prevention and treatment of invasive fungal infections due to their relative safety, their broad-spectrum activity, and the availability of both parenteral (except posaconazole) and oral preparations. Despite similar mechanisms of action, structural differences among this group of antifungal drugs result in distinct pharmacokinetic properties for each compound, e.g., renal elimination for fluconazole and hepatic elimination for the other three compounds. A common characteristic of these compounds is the wide interand intraindividual variability of concentrations of drug in blood. The kinetic characteristics of three of these drugs (itraconazole, voriconazole, and posaconazole) meet the criteria suggesting the utility of therapeutic drug monitoring.
Fluconazole. Fluconazole is available as an intravenous and oral formulation with an excellent bioavailability. Despite the variability of fluconazole pharmacokinetics, studies have not demonstrated a need for routine concentration monitoring (5, 16, 18, 21, 29, 78) . However, in the presence of renal dysfunction or during renal replacement therapy (especially continuous hemofiltration), fluconazole exposure might be profoundly altered and difficult to predict based on the dosing regimen (11, 103) . Preclinical and clinical studies have shown the association between drug dose, exposure, in vitro susceptibility, and response to therapy, suggesting that dosing may be critical for outcome in infections due to pathogens with decreased susceptibility (18, 63) . Monitoring of fluconazole therapy might thus theoretically contribute to improving the response in selected patients such as those with renal dysfunction/renal replacement therapy or when decreased in vitro antifungal susceptibility has been documented.
Itraconazole. Itraconazole is utilized in the therapy of a wide spectrum of invasive fungal infections including Candida, Aspergillus, endemic fungi, and dermatophytes. Three itraconazole formulations are available, allowing both parenteral and oral administration. Both pharmacokinetic studies of healthy volunteers and population pharmacokinetic investigations have identified wide interpatient kinetic variation (7, 16, 23, 41) . The variation in blood concentrations is due largely to differences in absorption of the oral formulations. The degree of variation has also been shown to vary among formulations (17, 48, 54, 84, 96, 97) . The most erratic absorption is observed with the capsule formulation. In general, the cyclodextrin formulation is more readily absorbed than the capsules, resulting in roughly a 30% larger area under the concentration curve (AUC) than that with the capsule preparation (84) . The peak blood concentration at steady state following the intake of the oral solution at a dose of 200 mg every 12 h ranged from 0.513 to 2.278 g/ml, with a median concentration of 1.326 g/ml. In contrast, the peak blood concentration at steady state following administration of the capsule formulation at the same dose of 200 mg every 12 h ranged from 0.297 to 1.609 g/ml, with a median value of 0.741 g/ml (17) . Factors that have an impact on the absorption of itraconazole include gastric pH and food and are also specific to the formulation (17, 48, 71, 72, 81, 93, 96) . The absorption from capsules is pH dependent and requires an acidic environment for optimal absorption. Therefore, this formulation is optimally administered with a meal or low-pH beverage such as cola. Many drugs that are intended to increase gastric pH have a deleterious impact on the absorption of this itraconazole formulation (Table 2) (30, 40) . In contrast, the absorption of the oral solution is enhanced when it is taken in a fasted state and is not impacted by gastric pH (84) . Several patient factors, including mucosal disease associated with chemotherapy, have also been shown to impact itraconazole pharmacokinetic variability (23) . Thus, it is not surprising that the variation in population kinetic studies is larger than that observed in studies with healthy volunteers (coefficients of variation of 83 to 115% compared to 47%, respectively) (23, 41) . Studies including individuals with acute leukemia, bone marrow transplantation, and AIDS have consistently observed both variability and, in general, lower blood concentrations than those achieved with healthy volunteers (17, 23, 25, 26, 37, 38, 41, 75) . For example, the median trough concentration in an immunosuppressed cohort receiving itraconazole capsules of 400 mg daily was only 0.31 g/ml but ranged from undetectable to 0.8 g/ml (38) . Nearly 60% of patients did not achieve the defined target trough concentration of 0.5 g/ml. The cyclodextrin solution formulation was examined in a similar manner. Median trough concentrations were more than twice those observed with the capsule formulation (0.66 g/ml) (38) . Still, nearly a quarter of patients did not achieve the defined target trough concentration of 0.5 g/ml. In neutropenic cancer patients receiving a 7-day intravenous itraconazole regimen (250 mg/day) followed by 7-day therapy with the oral solution (400 mg/day), mean trough levels between 0.5 and 1.5 g/ml were obtained (14) . Another important pharmacokinetic variable shown to impact itraconazole exposure is drug interactions. Itraconazole, like all of the triazoles, exhibits multiple important drug interactions, most notably with cytochrome P450-inducing drugs (40) .
Numerous itraconazole concentration-effect studies have been undertaken, and each one has demonstrated a strong link to drug efficacy (10, 17, 25, 26, 72, 93) . A similar relationship for toxicity has not been identified. The itraconazole pharmacodynamic efficacy investigations include both preclinical animal model study and clinical trials. The disease states studied include states induced by a wide variety of invasive fungal diseases including those due to Candida, Aspergillus, Cryptococcus, and Coccidioides. In addition, the utility of monitoring has been examined using two treatment strategies, including prophylaxis to prevent the development of an invasive fungal infection as well as treatment of documented infections. In a preclinical study of animals with invasive aspergillosis, investigators examined the relationship between itraconazole trough concentrations utilizing a microbiological assay and treatment effect. A maximal reduction in the burden of Aspergillus was observed in animals with trough concentrations greater than 6 g/ml (10). These results correlate well with findings from Aspergillus treatment trials. For example, in a group of 21 patients with invasive aspergillosis, the mean itraconazole trough concentrations were 6.5 g/ml for responders and only 4.2 g/ml for nonresponders (based upon a microbiological assay) (25) . A similar quantitative relationship was observed for a group of patients with coccidioidomycosis (nonmeningitis). Among this cohort of 39 patients, the concentration measured by bioassay was 6.5 g/ml for the 28 patients who experienced a clinical response, while the concentration a cohort of 11 nonresponders was 4.0 g/ml (93). In another study, inves-tigators examined the impact of itraconazole trough concentrations (by HPLC) on treatment outcome for a group of 25 patients with human immunodeficiency virus and cryptococcal meningitis. Treatment success was observed for 100% of patients with trough concentrations exceeding 1 g/ml. In contrast, only a partial clinical response was achieved for 66% of those patients with concentrations below 1 g/ml (26) . The largest database examining the relationship between itraconazole therapeutic drug monitoring and efficacy involved the therapy of oral mucosal candidiasis (78) . The analysis included more than 250 patients from four treatment trials and examined the impact of both itraconazole trough concentration (by HPLC) and Candida in vitro susceptibility. The trough concentration associated with the highest treatment rate of success was 0.5 g/ml, suggesting that lower exposures are needed the for the treatment of this organism and this localized infection site than for systemic fungal infection.
An additional clinical area of itraconazole monitoring has been in the study of antifungal drug prophylaxis for patients at high risk of invasive fungal infection (13, 37, 38, 89). These studies have also demonstrated a relationship between itraconazole blood concentration and effect. However, the itraconazole concentration associated with effective disease prevention is two-to fourfold lower than that shown to be necessary for fungal disease treatment. For example, two independent studies of itraconazole prophylaxis in neutropenic patients included assays of trough concentrations by HPLC (13, 89). Results from both investigations observed invasive fungal infection in 50% of the cohort with itraconazole concentrations of below 0.25 g/ml. In contrast, only 30% of patients with concentrations exceeding this value presented with infections. In another study, the investigators demonstrated a relationship between itraconazole trough concentrations and patient mortality due to breakthrough invasive fungal infections (37) . Among a group of 20 patients developing an invasive fungal infection while on prophylaxis, the median itraconazole trough concentration in those with fatal infections was 0.12 g/ml, and those surviving the infection achieved a trough concentration of 0.69 g/ml. Taken together, existing evidence supports therapeutic drug monitoring to optimize clinical efficacy when this (55, 76, 77) . While pharmacokinetic and pharmacodynamic studies of this compound are less complete than those with itraconazole, studies thus far demonstrate some of the cardinal indications for therapeutic drug monitoring.
Pharmacokinetic investigations with healthy volunteers demonstrated wide intersubject variability in blood concentrations (34, 76, 77) . This variability was observed with both intravenous and oral formulations. Thus, unlike itraconazole, the variability was not associated primarily with absorption, at least in this healthy cohort. A nonlinear dose-exposure profile attributed to a saturation of hepatic metabolism of voriconazole has been observed for adult individuals. Subsequent studies demonstrated that most of the pharmacokinetic variability is due to differences in the ability to metabolize voriconazole via the CYP2C19 P450 enzyme (34, 45, 76, 77, 80) . Polymorphisms in the gene encoding this enzyme are common and result in variable rates of voriconazole metabolism. Those patients who are homozygous extensive metabolizers at CYP2C19 have less than one-fourth and one-half the average blood concentrations of voriconazole compared to patients who are homozygous poor metabolizers or heterozygous extensive metabolizers at CYP2C19, respectively. While these polymorphisms can occur in any individual, they are more common in certain ethnic groups. For example, roughly 2 to 5% of Caucasians are homozygous poor metabolizers of CYP2C19, while 26 to 28% are heterozygous extensive metabolizers and 70 to 73% are homozygous extensive metabolizers. In contrast, patients of Asian descent have a 14 to 19% frequency of homozygous poor metabolizer status, 43 to 46% are heterozygous extensive metabolizers, and only 35 to 43% are homozygous extensive metabolizers (45, 46, 55, 76, 77, 80) . Whether and how individual genotyping of CYP2C19 may be implemented in the clinical routine for predicting voriconazole exposure remain to be determined.
Additional factors that have been shown to impact voriconazole pharmacokinetics include liver disease, age, CYP2C19-and CYP3A-interacting comedications, and changes from intravenous to oral therapy (Table 2 ). While voriconazole is very well absorbed, for patients with above-average body weight, the change from a weight-based intravenous regimen of 4 mg/kg every 12 h to a fixed 200-mg dose twice daily will result in a marked dose reduction. For example, in a patient with a body weight of 75 kg, this regimen change would results in a 33% reduction in the amount of voriconazole administered.
Similar to studies with other drugs, population pharmacokinetic investigations have shown that interpatient variability is more common in certain patient cohorts (12, 27, 55, 59, 60, 65, 82, 90, 91, 92, 102) . For example, in a recent study of bone marrow transplant recipients receiving voriconazole for antifungal prophylaxis, 87 patients had voriconazole trough concentrations assayed after 5 days of therapy. In this population, 15% had undetectable levels and 27% had concentrations below 0.5 g/ml, while only 62% had measurements between 0.5 and 2 g/ml (the median concentration in studies of healthy subjects) (91) . These findings have been confirmed in a similar study of this patient population (92) . Nearly 20% of patients in the second cohort were found to have trough concentrations more than fourfold lower than the median concentration in healthy volunteers. Investigation of voriconazole monitoring has also been undertaken in the solid-organ-transplant population (12) . In a cohort of 48 lung transplant recipients, peak and trough concentrations were measured. Those investigators defined a therapeutic goal as trough concentrations of 1.5 g/ml and peak values of 4 g/ml. These concentration goals were met for only 20% of patients after 1 week. These observations were similar for patients receiving both oral and intravenous voriconazole therapy. In this patient group, doses of 800 mg per day were needed to achieve detectable concentrations. In a much smaller study of critically ill patients in an intensive care unit setting, eight patients were administered 200 mg voriconazole by nasogastric tube twice daily (59) . The mean trough concentration in the small cohort was 4.6 g/ml, but the variation was large. The trough concentrations for two of eight patients were less than 2 g/ml, and the concentration was undetectable in one patient. Moreover, a decline in blood concentrations during voriconazole therapy lasting more than 2 months has been reported (60) .
In contrast to adult patients, a linear nonsaturable doseexposure pharmacokinetic profile has been described for children (101) . In order to obtain efficacious blood levels, daily doses of up to 14 mg/kg are needed in the pediatric setting (compared with 6 to 8 mg/kg for adults). However, blood concentration variability and subtherapeutic values in the pediatric population have also been reported (68) . These population pharmacokinetic data suggest that multiple variables other than CYP2C19 metabolizer status may have an impact on voriconazole drug exposure.
An accumulating number of investigations have examined the pharmacodynamic relationship between voriconazole exposure and treatment efficacy. Preclinical animal model studies have defined the voriconazole exposure associated with treatment efficacy against Candida species. Using an invasive candidiasis model, studies demonstrated that a voriconazole exposure expressed as the unbound AUC in relation to the MIC needed to produce 50% of the maximal microbiological effect or a 2-log reduction in organism burden compared to controls was a free-drug value near 25 (2). The value identified for this triazole is nearly identical to that shown to be of importance for other drugs in this class, including fluconazole and posaconazole (2, 3, 5) .
Examination of clinical candidemia trial data suggests that a similar relationship is relevant for patient outcome (18, 70, 78) . While therapeutic drug monitoring was not performed in these trials, organism MIC data and drug dose are available. Using estimates of patient AUC, one can examine the relationship between the voriconazole free-drug AUC/MIC ratio and patient outcome. In the patient cohort with estimated free-drug AUC/MIC ratios of below 25, clinical success ranged from 52 to 60%. However, for the group with estimated free-drug AUC/MIC exposures of 32 or greater, success was reported for nearly 80% of patients. Several studies also examined the impact of voriconazole exposure on the treatment of another 28 MINIREVIEW ANTIMICROB. AGENTS CHEMOTHER.
at MCMASTER UNIVERSITY on February 6, 2009 aac.asm.org invasive fungal infection, aspergillosis. The FDA briefing document for voriconazole reported a pharmacokinetic and pharmacodynamic analysis of 280 patients with proven or probable invasive fungal infections, suggesting a trend of higher success rates (56% success with values of Ͼ0.5 g/ml, compared to 46% success with values below 0.5 g/ml; odds ratio, 1.5; 95% confidence interval 0.6 to 3.4) with mean voriconazole concentrations above 0.5 g/ml (34) . The majority of these pharmacokinetic estimates is based upon single trough concentrations. It would be interesting to determine if the use of additional monitoring time points to more accurately reflect the AUC will further enhance the strength of these concentration-outcome relationships.
Another large data set examined random voriconazole concentrations for 142 patients from an open-label treatment trial of aspergillosis (27) . Similar to other voriconazole pharmacokinetic studies, a wide range of concentrations was observed (range, Ͻ0.1 g/ml to 9.7 g/ml). The patient cohort with concentrations less than 0.25 g/ml experienced treatment failure 80% of the time, while those with values equal to or above 0.5 g/ml were treated successfully in nearly 70% of cases.
An additional clinical voriconazole exposure-response analysis was undertaken in a retrospective study of 188 patients with invasive fungal infections. Twenty-eight patients in this cohort had concentrations measured because of perceived disease progression (n ϭ 17) or hepatotoxicity (n ϭ 11) (82). Twenty-four of the 28 patients had probable or proven invasive aspergillosis. Ten patients with concentrations greater than 2.0 g/ml survived. Forty-four percent of patients with a concentration of less than 2.0 g/ml survived (P Ͻ 0.02). The voriconazole dose was increased for 11 patients with concentrations of less than 2.0 g/ml, 8 of whom survived. In a recent prospective investigation of voriconazole serum concentration monitoring for patients with invasive fungal infections, treatment outcome was also statistically linked to drug concentration (65) . More than 180 voriconazole concentrations were measured for 52 patients over more than 2,000 treatment days. Patients with voriconazole drug concentrations of less than 1 g/ml exhibited a response rate of just over 50%. Conversely, patients with concentrations over 1 g/ml experienced a response rate of 90%. Taken together, these studies suggest a relationship between voriconazole exposure and treatment efficacy. Whether the optimal concentration of voriconazole is a trough concentration of 0.5, 1.0, or 2.0 g/ml remains to be defined in future studies.
A prospective investigation of the impact of voriconazole therapeutic drug monitoring in the setting of antifungal prophylaxis has also been undertaken. Among a group of patients receiving voriconazole prophylaxis following allogeneic hematopoietic stem cell transplantation, 43 underwent trough blood monitoring. A group of six patients developed breakthrough candidiasis. The mean trough blood concentration in this group was less than 0.5 g/ml, compared to a mean trough concentration of greater than 2 g/ml in the remaining cohort (P ϭ 0.061) (91) . While that report involved a small number of patients, the data suggest that the voriconazole concentration necessary to prevent a fungal infection may be lower than that needed to treat an established infection. This relationship is similar to that observed with itraconazole.
Other clinical investigations in the area of toxicodynamics have been reported (34, 74) . In the clinical development program, two interesting associations between voriconazole pharmacokinetics and toxicity were observed. The most common adverse effect associated with the administration of this compound is a self-limited visual phenomenon termed photopsia. The median voriconazole blood concentration for patients reporting this side effect in clinical trials was 3.52 g/ml; the median concentration for those without this visual symptom was 2.72 g/ml. Because of the self-limited and fully reversible nature of this phenomenon, this relationship should not warrant therapeutic drug monitoring (15) . Another potentially more significant but much less common toxicity associated with the administration of all triazole drugs, including voriconazole, is hepatotoxicity (15, 24, 58, 65, 87) . A pharmacodynamic evaluation of voriconazole and liver function abnormalities was undertaken, and a relationship was identified. Studies demonstrated that the risk of elevation of a liver function laboratory value increased by 7 to 17% for every 1-g/ml increase in the random voriconazole concentration (58) . The relative risk of this toxic effect is low, and it has been argued that monitoring based on this association is not warranted. However, case reports of severe liver dysfunction due to unusually high voriconazole concentrations have surfaced in the literature (79) .
Most recently, reversible neurological symptoms in patients with elevated voriconazole concentrations have been described (15, 47, 65, 69) . Central and peripheral neurological toxicities have been reported for patients with trough concentrations ranging from three to five times the normal median values (5.5 to 14 g/ml). A recent prospective investigation of voriconazole serum concentrations in a cohort of 52 patients receiving drug for the treatment of a variety of invasive fungal infections identified four patients with encephalopathy (confusion, hallucinations, and myoclonia), which was attributed to elevated voriconazole concentrations (65) . In each case, the voriconazole value was greater than 5.5 g/ml and was associated with the concomitant use of the 2C19 inhibitor omeprazole. The side effects resolved completely within 1 to 3 days after the discontinuation of the drug in each case. The probability of neurological symptoms in the small group of patients with trough concentrations of 8 g/ml was 90%. Conversely, no neurological symptoms were observed in the group of 48 patients with trough concentrations below 5.5 g/ml. Given the self-limited nature of the visual side effect and the infrequency and reversibility of the associated liver function abnormalities, many clinicians have not pursued monitoring on the basis of toxicity. However, signs of encephalopathy occurring during voriconazole therapy should prompt blood level measurements and drug discontinuation. Routine monitoring of blood levels during the first 7 days of therapy may contribute to the early recognition of drug accumulation and the prevention of this adverse event.
Posaconazole. Posaconazole is the most recently approved triazole antifungal (61, 62) . The drug exhibits an enhanced spectrum against filamentous fungi, including the emerging zygomycete fungal group. Posaconazole is available as an oral formulation and has a long elimination half-life (Ͼ24 h). Despite the prolonged half-life, the compound is optimally administered multiple times daily (two to four times) due to saturable absorption. Similar to the triazoles voriconazole and itraconazole, pharmacokinetic investigation has identified marked interpatient variability for both healthy volunteers and patient populations (19, 20, 39, 51, 52, 56, 94) . A number of factors have been demonstrated to impact posaconazole absorption including food (and fat specifically), gastric pH (and the use of proton pump inhibitors), mucosal health, and frequency of administration (due to saturable absorption) (53) . Clinical pharmacokinetic studies have shown that the coadministration of posaconazole with a nutritional supplement containing 14 g of fat increases the AUC by more than 200% (51) . Administration with a high-fat meal has been shown to enhance absorption by nearly fourfold. The impact of gastric pH on the absorption of posaconazole appears to be similar to the relationship described above for itraconazole capsules. The coadministration of omeprazole was found to reduce the serum C max and AUC by 50% and 30%, respectively (Table 2) . Conversely, the administration of posaconazole with a low-pH beverage enhanced absorption and increased the C max and AUC by 90% and 70%, respectively. Another medication shown to adversely impact posaconazole absorption (reduce the AUC by 20%) is metoclopramide, presumably due to a reduced mucosal transit time.
Saturable absorption has also been shown to markedly impact posaconazole bioavailability. In a study with healthy volunteers, the fractionation of an 800-mg/day dosage into a dose of 400 mg twice daily was shown to increase the serum AUC by nearly 100%; further fractionation of the regimen to 200 mg four times daily enhances bioavailability by 220% (33) .
Not surprisingly, pharmacokinetic variability has been more pronounced in cohorts of ill patients. The groups examined in the population pharmacokinetic investigations would be expected to have gastric mucosal alteration and reduced food intake due to mucositis. For example, in one study of 98 patients with refractory febrile neutropenia or known invasive fungal infection, concentrations of posaconazole were 52% lower in allogeneic bone marrow transplant recipients than in patients without transplants (39) . In that study, the coefficient of variation was large (71 to 82%). A similar pharmacokinetic unpredictability was observed in a study of a population of neutropenic stem cell transplant recipients (variability of 38 to 68%) (94) . The largest experience with posaconazole serum concentration monitoring has come from clinical monitoring experience at Mira Vista laboratories. Among the monitoring results from more than 800 patients, concentrations have ranged from undetectable in 3% to greater than 10 g/ml in 4% of patients (Joe Wheat, Mira Vista, personal communication).
The relationship between exposure and efficacy has been examined in both preclinical animal infection models and two clinical trials. Similar to the other triazoles, the pharmacodynamic exposure associated with efficacy in a murine candidiasis model identified a free-drug 24-h AUC/MIC target ratio of 20 to 25 (3) . Animal model pharmacodynamic target investigation with other fungal organisms has not been undertaken.
Limited clinical pharmacokinetic and pharmacodynamic data are available. However, the single published posaconazole clinical treatment trial that examined the impact of exposure on treatment outcome was in the setting of an open-label investigation for the treatment of refractory invasive aspergillosis (99) . Among this group of 67 patients, the clinical response correlated with the blood posaconazole concentration over a wide range of values. The patients in the lowest concentration quartile achieved an average blood concentration of 0.13 g/ml or less and experienced the lowest rate of clinical response (20%). In the group with the highest clinical response (70%), the average steady-state concentration of posaconazole was 1.25 g/ml (the highest concentration quartile). Patients with concentrations in the middle two quartiles (average concentrations, 0.5 to 0.7 g/ml) were successfully treated 53% of the time.
A second investigation examined the relationship between concentrations of posaconazole in blood and efficacy in a prophylaxis trial of patients undergoing allogeneic hematopoietic stem cell transplantation and graft-versus-host disease (95) . The posaconazole regimen prevented invasive fungal infection in 97.6% of patients and was superior to fluconazole. However, posaconazole concentrations were nearly twofold lower in the small group of patients (n ϭ 5) who developed an invasive fungal infection than in the cohort (n ϭ 241) that did not develop infection (C average of 0.611 g/ml in the infected cohort and C average of 0.922 g/ml in the uninfected cohort, respectively). These differences were not statistically significant, possibly due to the small number of patients who developed infection (2.4%). While these studies are less extensive than those available for the other antifungals, a relationship between exposure and efficacy is suggested for this compound, with marked kinetic variability. Thus, the concept of posaconazole therapeutic drug monitoring should be explored in future clinical studies.
POLYENES AND ECHINOCANDINS
Clear pharmacodynamic relationships for drugs from the polyene and echinocandin drug classes have been elucidated: the pharmacodynamic indices peak blood level and AUC over MIC have been recognized as the best predictors of treatment response (4, 6) . However, pharmacokinetic studies with drugs from these antifungal drug classes are either lacking or do not meet the criteria for therapeutic drug monitoring. The limited population pharmacokinetic data available demonstrate predictable inter-and intraindividual dose-exposure relationships for these antifungals (8, 31, 42, 43, 85, 100) . The greatest degree of variability in these investigations was due to extremes of patient weight. A recent report described low caspofungin concentrations in patients hospitalized in intensive care units compared with concentrations in patients hospitalized in wards. The clinical significance of this observed pharmacokinetic variation is unknown (66) . The role of monitoring of therapy with echinocandins in selected clinical settings has not been explored in prospective clinical studies.
SUMMARY AND FUTURE DIRECTIONS
Unpredictable interindividual pharmacokinetic variability by a factor 50 to 100 has been demonstrated for 5-FC and three triazole antifungals. Validated chromatographic and/or microbiological drug assays have been developed for each of these compounds. However, at present, these assays are available at only a few reference laboratories, which makes the routine application of real-time monitoring of antifungal therapy dif- Table 3 . The proposed target concentrations in this review are based upon limited data suggesting an association between blood level and response or toxicity and are thus provided as tentative guidelines and not an established standard of care.
Until additional prospective evaluations provide answers to these questions, it seems reasonable to offer the following guidance for those wishing to incorporate this tool into patient management (Table 4) . For 5-FC, peak concentration monitoring should be considered for all patients early in the course of therapy (3 to 5 days) to reduce the incidence of toxicity. Measurements should also be performed when there are clinical manifestations of toxicity or any change in renal function. The target 5-FC peak concentration range should be 20 to 50 g/ml.
For itraconazole, trough concentrations should be assayed for all patients early in the course of prophylaxis or therapy (4 to 7 days), with evidence of clinical failure, or following the initiation of any drug demonstrated to alter itraconazole metabolism. Trough concentration goals for prophylaxis using an HPLC assay should be 0.5 g/ml or greater and should be 1 to 2 g/ml in the case of treatment of fungal infection.
Monitoring of voriconazole trough concentrations may be considered early in therapy (4 to 7 days) for all patients to determine if measurable or excess concentrations are present. The assay should also be considered for patients with poor clinical response, the addition of an interacting medication, a change in the route of administration of voriconazole (e.g., switch from a mg/kg dosing schedule for intravenous therapy to a fixed dosing schedule for oral therapy), deteriorating hepatic function, and suspected toxicity such as severe hepatic dysfunction or neurological signs consistent with drug overdosing. A definitive voriconazole trough concentration goal has not yet been identified but is likely to be in the range of 0.5 to 2.0 g/ml for efficacy and less than 6.0 g/ml for toxicity.
For posaconazole, trough concentration monitoring may be considered for all patients early in therapy (4 to 7 days). Similar to the other triazoles, an assay should also be considered if there is poor clinical efficacy, after the addition of an interacting medication, if there is a change in the dosing regimen, or if there are conditions that put a patient at risk of impaired gastrointestinal absorption (e.g., severe mucositis, vomiting, diarrhea, ileus, graft-versus-host disease, impaired dietary intake, and therapy with proton pump inhibitors). The trough posaconazole goal should be 0.5 to 1.5 g/ml for patients being treated for invasive fungal infection. The goal for prophylaxis is not clear but may be lower as described above for the related antifungal itraconazole, i.e., more than 0.5 g/ml. However, saturable oral absorption might be a limiting factor for obtaining efficacious blood levels after dose adjustment. The development of an intravenous formulation in the future may contribute to more easily achieving these target concentrations. Despite a high degree of variability in the levels of fluconazole in blood, especially in patients with renal failure or during renal replacement therapy (continuous hemofiltration), and the established relationship between drug exposure, in vitro antifungal susceptibility, and efficacy, no specific target blood levels have been identified in clinical studies, and no specific recommendations for monitoring can be formulated.
Similarly, data available at present do not allow the formulation of recommendations for monitoring of blood levels during therapy with polyenes and echinocandins.
Further studies are desperately needed to identify the optimal timing of monitoring, to refine the concentration goals, and to better delineate targeted monitoring for specific patient populations and clinical scenarios. Examples of common and important clinical scenarios include an identification of concentration target goals for combination antifungal therapy and treatment of pharmacologically privileged sites (e.g., the central nervous system).
